In goldfish it has been shown that ethambutol shifts the threshold for wavelength discrimination without affecting the absolute sensitivity of the cones. In this study we demonstrate that a similar colour vision disturbance occurs in tuberculosis patients treated with ethambutol. After 2 months of ethambutol treatment, chromatic discrimination was measured with a computerized forced two choice (CD) test with isoluminant coloured stimuli and with three other colour vision tests: the Ishihara, the Oscar and the Lanthony Desaturated 15 Hue tests. The scores of the patient group (n= 19) on these four colour vision tests were compared with the scores of a group of control subjects (n= 33) and a group of congenital red/green colour-blind subjects (n = 5). A reduction of the stimulus intensity of 1 log unit caused a significant reduction in red/green chromatic discrimination, measured with the CD test in both, control subjects and patients. This intensity dependent reduction was significantly greater for patients than for controls. In this respect, man and goldfish behave similarly. Furthermore, the CD test showed the same ethambutol-induced reduction in chromatic discrimination at low intensity for the blue/green part of the spectrum. This has not been measured in goldfish. The origin of this ethambutol-induced colour vision disturbance must be at a post-photoreceptor site, because the Ishihara and Oscar tests, both designed to screen for photoreceptor-based, or primary red/green colour vision disturbances, did not discriminate between patients and control subjects. Thus, as in goldfish, we find that in patients ethambutol shifts the threshold for chromatic discrimination without changing the absolute sensitivity.
Introduction
The ocular toxicity of the antituberculosis drug ethambutol is thought to be of no concern when ethambutol is given at low dosages (less than 25 mg/kg per day) and for short periods (Leibold, 1966) . Due to an increase in the occurrence of (resistant) mycobacterial infections, the prescription of higher dosages of ethambutol for longer periods of time has become a necessity. This increases the risk for side-effects of ethambutol (Kahana, 1987; Campbell & Ormerod, 1988; Schild & Fox, 1991; Kumar, Sandramouli, Verma, Tewari and Khosla, 1993; Alvarez & Krop, 1993) . These sideeffects are not always reversible and can lead to permanent visual losses. The first sign of an ocular toxic reaction to ethambutol is a red/green 1 colour vision disturbance, followed by a reduction in visual acuity and finally, in some cases, a central scotoma.
Colour 6ision defects and tests
Colour vision defects can be divided into the categories of primary and secondary colour vision disturbances. In primary colour vision disturbances one of the three cone photopigments is not present or is present in an anomalous form. In most cases this concerns the long-or middle-wavelength sensitive cone systems. The visual acuity of these observers is normal and their colour vision disturbance is stable throughout life. The majority of congenital colour vision defects belongs to this type of colour vision disturbance. Secondary colour vision disturbanceS are often the result of some eye disease or eye injury, of a toxic reaction to some drug or may be due to brain lesions following illness or to direct brain injury. The location of this type of colour vision disturbance is usually attributed to a post-photoreceptor level in the visual system. In the case of ethambutol, studied in goldfish, the disturbance can be traced to a level corresponding to neuronal interactions in the retina (Wietsma, 1994) .
Most of the clinical colour vision tests screen for primary colour vision disturbances. The Ishihara colour vision test is based on the pseudo-isochromatic principle and the Oscar test (Estévez, Spekreijse, Van Dalen & Verduijn Lunel, 1983 ) is based on a silent substitution method. Both tests probe the relative sensitivity of the photoreceptor systems. The Lanthony Desaturated 15 Hue test, on the other hand, is designed to detect secondary colour vision defects, but is also sensitive to small reductions in relative sensitivity of the photoreceptors.
Aging is known to affect colour vision. One of the most important changes when growing older is the yellowing of the nucleus of the crystalline lens. In older people this leads to a reduction in discrimination in the short wavelength part of the spectrum. Pinckers (1980) has demonstrated that the Ishihara test is not sensitive enough to detect age effects, but that older people make more blue/yellow errors with the Lanthony test. The Oscar test has not been studied in this respect.
Ethambutol-induced colour 6ision defect
In recent years we have developed an animal model for ethambutol-induced colour vision disturbance (Spekreijse, Wietsma & Neumeyer, 1991; Wietsma, 1994; Sjoerdsma, Kamermans & Spekreijse, 1996) . Goldfish fed with 25 mg ethambutol per day during 1 month show a red/green, but no blue/green discrimination defect, as measured behaviourally with a forced two-choice stimulus (Neumeyer, 1984; Spekreijse et al., 1991; Sjoerdsma et al., 1996) . It was concluded that the ethambutol-induced red/green colour vision defect must have a retinal origin because: (1) intraocular injection of ethambutol has similar effects on red/green discrimination as feeding ethambutol, but without affecting colour discrimination through the not injected eye (Sjoerdsma et al., 1996) ; and (2) red/green opponent retinal ganglion cells behave differently in the presence of ethambutol (Van Dijk & Spekreijse, 1983; Wietsma, 1994) . On the other hand, the function of the photoreceptors is not affected, in as much as the ERG and spectral sensitivity are ethambutol insensitive in goldfish (Wietsma, 1994) . Interestingly the ethambutolinduced wavelength discrimination disturbance depends on stimulus intensity: the wavelength discrimination of control fish at reduced intensity (− 2 log unit) was similar to that of ethambutol fed fish at control intensity (0 log unit), whereas the behaviour of ethambutol fed fish at high intensity ( + 2 log unit) was similar to control fish at control intensity (0 log) (Sjoerdsma et al., 1996) .
The chromatic discrimination (CD) test, which will be introduced in this paper, is based on our behavioural work with goldfish. It is a computerized forced twochoice test which measures chromatic discrimination at various stimulus intensities. In this paper we address the questions (a) whether chromatic discrimination in human subjects treated with ethambutol shows a similar dependency on stimulus intensity as goldfish; and (b) if so, whether this intensity dependency of the induced colour-blindness can be used for early detection of toxic side-effects of ethambutol.
Methods

Subjects
Three groups of subjects were tested. One group consisted of 19 tuberculosis patients of the Department of Pulmonary Diseases of the Academic Medical Centre in Amsterdam. The age of these patients ranged from 16 to 52 years with a mean of 32.3 years. All patients were tested with informed consent at the end of the second month of their treatment with ethambutol (mean dosage 20.49 3.1 mg/kg per day). The treatment of tuberculosis consisted, besides ethambutol, of two to four other drugs of which Ionizide and Rifapizine were the most frequently used. After 2 months of treatment the dosage of ethambutol was reduced or stopped. The control group consisted of 33 normal subjects, who participated voluntarily. The age of these subjects ranged from 19 to 58 years with a mean of 32.8 years. The inclusion criteria for subjects in both groups were visual acuity E 0.8 after correction as measured with the TNO Landolt C card, and no primary colour vision disturbance. The third group consisted of five adult primary red/green colour-blind subjects, who also participated voluntarily. Their ages ranged from 22 to 56 years with a mean of 44 years. Visual acuity in this group, was also always better than 0.8 as measured with the TNO Landolt C card.
Procedure
Before the colour vision testing started the patients were screened by an ophthalmologist of the Netherlands Ophthalmic Research Institute. This screening included funduscopy, the estimation of visual acuity and, if necessary, correction of refractive errors. Colour vision was examined with the Ishihara, the Oscar, the 
Colour 6ision tests
The Ishihara test is a pseudo-isochromatic test using plates of coloured dots. The subject has to differentiate a numeral from the background on the basis of differences in the perceived colour of the dots. A selection of 21 plates was used, consisting of one demonstration plate and two series of ten plates, of which one series was covered with a 0.9 log unit ND filter (Lee, no. 211) to lower the brightness of the plates. The different types of plates (vanishing, transformation and hidden) were equally divided over the two series. For each subject the number of errors was registered for both series.
The Oscar test has been developed to differentiate primary red/green colour-blind subjects from normals and is based on a heterochromatic flicker detection criterion (Estévez et al., 1983) . A red and green light emitting diode are modulated in counterphase at a frequency of 16 Hz. By turning a control knob the subject increases the modulation depth of one light and decreases the modulation depth of the other light, while the overall mean luminance remains constant. The subject attempts to find a setting where he sees minimal or no flicker. The reading of the knob is a measure for the relative sensitivity of the long-and middle wavelength cone system. The subject has to repeat this test eight times. For each subject the absolute value of the mean of the Oscar readings was calculated. For the colourblind subjects the sign of the Oscar test confirmed whether they were protanopic or deuteranopic.
The Lanthony Desaturated 15 Hue test is an arrangement test to detect mild secondary chromatic discrimination losses. It consists of 15 removable, low saturated coloured caps and one fixed reference cap (Value/ Chroma: R 8/2 Munsell). The 15 samples are chosen to represent perceptually equal steps of hue and to form a natural hue circle. The subject is asked to arrange these caps according to colour. The subject is allowed as long as necessary to complete the task. The order of the caps is plotted on a circular diagram. An error occurs when caps are misplaced from the ideal order. Major errors are made when distant caps, e.g. 3 and 12, are placed next to one other: the line connecting these caps crosses the circle (Birch, 1985) . These crossing lines represent isochromatic confusion lines. Minor errors are made when caps close to each other, e.g. 3 and 4, are exchanged. For each subject the number of times two caps are misplaced was counted and the time needed to complete the task was determined. The procedures for testing colour 6ision (Pokorny, Collins, Howett, Lakowsky, Lewis, Moreland, Paulson & Smith, 1981) states that for normal colour vision two minor errors are allowed (i.e. four misplaced caps according to our scoring method). The Lanthony test has not been used in a low intensity condition, because covering the caps with a 1 log unit ND filter made the colours of the caps invisible.
The CD test is a chromatic discrimination test, based on a forced two-choice method. The stimuli are generated with a Venus 1020 visual stimulator (Neuroscientific, Farmingdale, NY) and presented on a colour monitor screen (Barco, model CCID 7751, Belgium). The stimulus consists of two circular coloured fields (diameter 6 cm), of which the centres are displayed 6 cm to the right and left from a central fixation mark. The distance between subject and monitor was 78 cm. The spectral composition of each stimulus field was determined by the x and y chromaticity coordinates. The x, y coordinates for the various test stimuli (and white) are given in Table 1 . We will refer to the stimuli by their dominant wavelength. The reference field contained wavelength 580 or 485 nm and the comparison field contained the wavelengths: 578, 582 and 585 nm or 483, 487 and 490 nm, respectively. The intensity of both stimulus fields could be reduced by 1 log unit. The 0 log unit condition corresponded to about 2.5 cd/m 2 (Tektronix J17 LumaColor). The position of the reference field could randomly be chosen at the left or right side of the fixation mark. All six combinations for the three comparison wavelengths and the two stimulus a The x and y chromaticity coordinates of the various dominant wavelengths used at the reference and comparison stimulus fields, measured with the Tektronix J17 LumaColor photometer and J1820 chromaticity probe. intensities per reference wavelength were presented. Presentation time was 150 ms upon which the subject had to decide whether the right or left field was the greener or redder one. For each stimulus pair the percentage correct responses of 40 presentations was calculated per subject. It took about 1 h to complete the test. Before the CD test was administered a brightness match was made with a Heterochromatic Flicker (HCF) test to correct for individual differences in relative sensitivity. In both stimulus fields the reference wavelength (either 485 or 580 nm) was alternated at a frequency of 16 Hz with a wavelength 5 nm shorter or longer than the reference wavelength. Subjects fixated the central mark on the monitor. The intensity of the reference wavelength was kept constant, while the intensity of the other wavelength was adjusted until the subject perceived minimal flicker. This match value was employed to make the stimulus field in the subsequent heterochromatic discrimination task equiluminant for each subject. This test was performed for both reference wavelengths. For the statistical analysis of the HCF test the absolute intensity difference between the reference and each comparison wavelength was computed, averaged and presented as percentage of the intensity of the reference wavelength.
Statistical analysis
For the statistical analysis of the results with the CD test an analysis of variance (ANOVA) with repeated measures (factors: reference wavelength, intensity and comparison wavelength) was used, considering subject type and age as main effects. The Ishihara, Oscar, Lanthony and HCF test results were analysed with the t-test for independent samples. Finally the Pearson correlation coefficient was calculated between the CD and the Lanthony test scores for both groups of patients and control subjects. All three statistical tests were from SPSS for MS WINDOWS Release 6.1, using a 5% significance criterion.
Results
CD test
The chromatic discrimination curves of the group of control subjects and patients measured with the CD test are plotted in Fig. 1 . On the horizontal axis the wavelength of the comparison stimulus field is plotted and on the vertical axis the percentage correct responses. The data points represent group means. Fig. 1A gives the results for red/green chromatic discrimination at reference wavelength 580 nm and comparison wavelengths 578, 582 and 585 nm for 0 and − 1 log unit stimulus intensity condition.
Firstly, the data show that there is an intensity dependency for red/green chromatic discrimination of both control subjects and patients. Decreasing the stimulus intensity by 1 log unit significantly reduces chromatic discrimination at reference wavelength 580 nm in both groups (F= 120.1, df= 1, PB0.01). This reduction in discrimination is most notably for comparison wavelengths 578 and 582 nm. Secondly, the behaviour in chromatic discrimination at this reference wavelength of patients is worse than that of control subjects (F= 5.2, df=1, PB 0.01). The difference in chromatic discrimination at reference wavelength between patients and control subjects is largest at the lowest intensity (− 1 log unit) condition. This means that the intensity dependency of red/green chromatic discrimination is stronger in the group of patients than in the group of control subjects.
Similarly as in the red/green range, chromatic discrimination in the blue/green range (Fig. 1B) is reduced when intensity is decreased. This effect of stimulus intensity is present in both groups, but the group of patients performs significantly worse than the group of controls at both intensities (F =8.7, df= 1, P = 0.01).
Aging is known to affect colour vision, therefore the effect of age on the CD test was also studied. It was found that age has no significant effect on either the red/green or blue/green discrimination in the control group, showing that the CD test is independent of age. However, the difference in blue/green discrimination between patients and controls is significantly larger for young and middle aged (B 40 years) than for older subjects (F =3.2, df= 6, P =0.03), suggesting that younger patients are more vulnerable to ethambutol than older ones.
The Ishihara, Oscar and HCF test
To examine whether the difference in chromatic discrimination as shown with the CD test between patients and control subjects is based on a primary colour vision disturbance the results of the Ishihara, Oscar and HCF tests were examined. The group means and standard deviations of the control, patient and primary colourblind subjects on these tests are given in Table 2 . The Ishihara and Oscar test do not discriminate patients from controls, but do discriminate the primary colourblind observers from controls. Although more errors are made in the − 1 log unit condition than in the 0 log unit condition of the Ishihara, the means of the patient group on the Ishihara 0 and −1 log unit test do not differ significantly from the means of the group of control subjects. The primary colour-blinds do differ from the controls in both conditions of the test (P B 0.01). The results of the Oscar test show the same pattern as that of the Ishihara test: patients do not differ from controls, but the red/green colour-blinds do (PB 0.01). Also the group means of the brightness match HCF 580 of patients and controls do not differ from each other, but the primary colour-blinds do (PB 0.01). The mean percentages of controls, patients and colour-blinds on the brightness match in the blue/ green part of the spectrum, the HCF 485, on the other hand, are not significantly different from each other. So, the tests designed to detect primary red/green colour vision defects do not discriminate between patients and control subjects, but do discriminate between primary red/green colour-blinds and control observers.
The Lanthony
The next point to test was the performance of patients and control subjects on the Lanthony test, a test designed to detect secondary colour vision disturbances. In Table 2 the mean scores and standard deviations of the different groups are given. With the Lanthony test patients make significantly more errors than control subjects (P= 0.01) and the red/green colour-blind observers make even more errors than patients (PB 0.01). All errors made by patients and controls are minor errors, which means that caps in the range 1-5 and 11-15 were exchanged. Major errors (red/green) are made only by the colour-blind observers. The average time needed to complete the test does not differ significantly between controls and patients and between controls and colour-blind observers.
Screening indi6idual patients
Because not all patients are expected to show a toxic reaction to ethambutol (Alvarez & Krop, 1993 ) the average score of the patients may differ only slightly from the average score of the control subjects while some patients may show strong chromatic discrimination disturbances. In Fig. 2 the CD scores (top, ) of each patient are plotted in order of increasing number of errors on the Lanthony score (bottom, ). The mean CD score for reference wavelength 580 (left) and 485 (right) nm separately, is the average number of correct responses of the three comparison wavelengths and two and five out of 15 patients at wavelength 485 nm. Two of them differed significantly at both wavelengths. The Lanthony scores of these patients range from three to six errors. When considering the criterion that two minor errors are allowed (i.e. four errors according to our scoring method, see Section 2), then only three of the patients have performed differently with the Lanthony test.
The development of the reduction in chromatic discrimination during the first two months can be illustrated by one patient whose colour vision was measured also at week four after the start of the ethambutol treatment. Fig. 3 gives the CD discrimination curves at reference wavelength 580 nm of this patient, measured at week 4 and 8. After 4 weeks, discrimination at this reference wavelength at both intensities deteriorated strongly. Discrimination at reference wavelength 485 nm showed a large deficit at week 4 so that further changes could not be measured. The Lanthony scores of this patient were four (week 4) and five (week 8).
Discussion
In this paper it is shown that chromatic discrimination, as measured with the computerized CD test, decreases with stimulus intensity. This intensity dependency is stronger for patients treated with ethambutol than for controls. Furthermore, this study indicates that the intensity dependency of chromatic discrimination can be used for early detection of toxic side-effects of ethambutol.
Primary colour 6ision tests
Primary colour vision tests do not discriminate between control subjects and patients. With the Ishihara test control subjects and patients made the same number of mistakes. In the series in which the plates were stimulus intensities for each reference wavelength. In the upper two panels the solid horizontal lines represent the mean and the dotted horizontal lines represent the mean 9 two times the standard deviation of the control group for reference wavelength 580 (88.49 2 × 5.09) and 485 nm (79.2 9 2× 7.1). For the Lanthony test in the lower two panels the mean and the mean plus two times the standard deviation (1.092× 1.4 errors) is plotted. The plots show very clearly that Lanthony values are inversely related to CD values; the higher the Lanthony score, the lower the CD score. Furthermore the upper two plots show, that for the discrimination at 485 nm the mean is smaller and the standard deviation larger than for discrimination at 580 nm. Also subjectively, patients indicated that the discrimination task at reference wavelength 485 nm was more difficult than for 580 nm (four patients were not able to do the test). Four out of 19 patients differ significantly from the group of control subjects at reference wavelengths 580 Fig. 3 . CD chromatic discrimination curves for reference wavelength 580 nm of a patient measured at week 4 and week 8 of his ethambutol treatment in the 0 log unit condition ( solid lines) and in the −1 log unit condition ( dotted lines). covered with a one log unit ND filter, more mistakes were made than in the series without the filter, but this effect was similar in both groups. So covering the plates with about one log unit filter did not contribute to the differentiation between patients and control observers. Also the Oscar test did not differentiate between control observers and patients. Since both the Ishihara and Oscar test tap the visual system at the level of photoreceptors, the results on these tests imply that patients are indistinguishable from control subjects at this level in accordance with the HCF 580 and HCF485 measurements. This result is consistent with the finding that the ERG and spectral sensitivity in both man (Zrenner & Krü ger, 1981) and goldfish (Wietsma, 1994) are unaffected by ethambutol.
Secondary colour 6ision tests
Tests designed to detect secondary colour vision losses do differentiate patients from controls. Red/green chromatic discrimination of control subjects and patients measured with the CD test at reference wavelength 580 nm was reduced when stimulus intensity was lowered. Even with the low dosage of ethambutol (20.4 9 3.1 mg/kg per day) the reduction in discrimination was stronger in patients than in controls. This result is consistent with the findings in goldfish, which showed that a reduction in stimulus intensity caused a similar discrimination disturbance as feeding ethambutol while an increase in stimulus intensity abolished the disturbance in ethambutol-fed fish (Sjoerdsma et al., 1996) . Also, at reference wavelength 485 nm, a decrease of stimulus intensity by 1 log unit caused a reduction in blue/green chromatic discrimination, which is again stronger in patients than in controls. This indicates that the ethambutol-induced colour discrimination disturbance is not restricted to the red/green region but that it is more general. A similar global colour vision defect has recently been shown by Schneck and HaegerstromPortnoy (1997) in patients with optic neuritis, which is a disease with similar symptoms as the neurotoxic reaction of ethambutol. Unfortunately, in ethambutol treated goldfish this intensity effect on wavelength discrimination in the blue/green range had not been investigated.
Chromatic discrimination measured with the CD test in the group of control subjects is age independent. However blue/green discrimination of patients younger than 40 years was significantly worse than that of controls in this age range, but patients behaved similarly as controls when both subject groups are older than forty. So, it appears that younger patients are more vulnerable for an ethambutol-induced intoxication than older ones. Also with the Lanthony test patients performed worse than control subject. Patients made significantly more minor errors than control subjects. So, the CD and the Lanthony test can differentiate a group of patients from a group of controls.
None of the patients complained about his/her visual functioning at the time of testing. This might be due to the specific nature of this colour vision defect. Under control photopic illumination conditions the defect is too small to be noticed. It becomes only evident at reduced illumination conditions. In these conditions wavelength discrimination is also reduced in control subjects, although to a lesser extent.
All clinical colour vision tests, the Ishihara, Oscar and the Lanthony test, could however differentiate primary colour-blind observers from control subjects. These subjects also performed significantly worse with the HCF 580 test, but not with the HCF 485. This result means that the primary colour-blindness of these subjects only concerns the red/green range of the visual spectrum.
Indi6idual patients
It is likely that not all patients are similarly affected by ethambutol. To examine which patients develop a toxic side-effect, individual CD and Lanthony scores were compared with the average scores of the group of control subjects. Within the group of patients the CD and Lanthony test correlate well (Pearson Correlation9 − 0.7, P= 0.002). The CD 485 test selects five significantly different patients and the CD 580 four patients. Using the criterion that a failure on either the CD 485 or CD 580 is an indication for possible toxic reaction, seven patients would be selected. Five of the seven patients made four or more errors with the Lanthony test. When using the criterion that four errors are allowed in the Lanthony (see Section 2) then only three patients differ significantly. In the group of control subjects two subjects made four and five errors in the Lanthony and none differed significantly with the CD test. Therefore, it might be concluded that measuring chromatic discrimination with the CD test is more sensitive in differentiating between individual patients and controls than the Lanthony test. The reason might be that the CD test corrects for individual sensitivity differences thus measuring pure chromatic discrimination while the Lanthony test does not correct for relative sensitivity differences.
A total of 5% of the male population has a primary colour vision disturbance. To detect ethambutol induced colour vision disturbances in this group of subjects, we expect that the best strategy will be to compare pretreatment results of the CD test with later test results, especially for blue/green discrimination. Since the relative sensitivity differences of these subjects are large, the CD test should be performed with larger wavelength differences. Ethambutol induces a secondary colour discrimination disturbance which shifts the threshold for wavelength discrimination without a change in absolute sensitivity. This disturbance is most profound for low intensity stimuli. At this moment we do not have data of primary colour-blind subjects treated with ethambutol to determine whether the CD test will be sensitive enough to detect a deterioration in their colour vision.
